Phase evolution and interfacial characteristics through the combustion reaction of Al-Ti-C system were investigated, in terms of the reaction mechanism. The phase formation in the reaction system at 650, 660, and 670°C by in-situ high temperature X-ray diffraction (HT-XRD) showed the formation of the solid Al 3 Ti phase, along with melting of the Al at 660°C. Microstructural analysis of the Al-Ti-C system after holding at 670°C was carried out to identify the reaction mechanisms, which were the formation and growth of the Al 3 Ti phase by dissolving Ti in molten Al. This phase occurs with further contact with C, and would initiate the combustion reaction to produce a more thermodynamically stable TiC phase. Mg-infiltrated 3.04 mm in the Al-TiC substrate was compared to 5.42 mm in the Al-Ti-C system, at the same time and temperature from the infiltration test. The apparent activation energy obtained for Al-TiC system was 350.84 kJ/mol, which was higher than that of the Al-Ti-C system (307.31 kJ/mol). The formation of the Al 3 Ti phase in the Al-Ti-C system was also observed from the crystal structural analysis on the infiltrated area; therefore, the in-situ combustion reaction in Al-Ti-C system promoted the wetting of Mg.
Introduction
Mg-based lightweight composites are becoming more important for industrial applications, due to their damping capacity, low density, and good castability.
1) The mechanical properties of these composites depend on the characteristics of the interface between the matrix and the reinforcement.
2)
The metal matrix composites (MMCs) that are produced by the in-situ process exhibits better mechanical properties, as compared to MMCs produced by the conventional process, because of their thermodynamically stable reinforcement at a small size, as well as a clean interface between the matrix and the reinforcement. 3, 4) Combustion synthesis has been used to investigate the synthesis of in-situ MMCs, in which the reinforcements are fabricated in the molten metal by exothermic reactions between the reactants. 5) TiC has attracted attention for use as reinforcement materials because of its high hardness, high elastic modulus, and superior wear resistance. 4) Recently, a combustion reaction of an Al-Ti-C system has been shown to be an efficient and energetically favorable method for producing TiC-reinforced Mg MMCs because production of the ceramic reinforcement by combustion reaction offers significant advantages: (1) the high reaction temperatures remove volatile impurities; (2) the high reaction rate lower operating and processing costs; and (3) fine and well dispersed ceramic reinforcements can be achieved in the matrices by controlling the reaction parameters.
68)
A primary obstacle to the composite process is the nonwetting nature of the ceramics and the defects at the interface between the matrix and reinforcement. An understanding of the infiltration behavior and detailed phase evolution will provides information on the wetting behavior of reinforcement with the molten metal.
9) The TiC particle reinforced Mg composite produced by the in-situ combustion synthesis of an Al-Ti-C system has an inherently clean interface and better wettability, because of the in-situ formation of reinforcement and its intimate contact with the matrix. A homogeneous distribution of reinforcements in the matrix can also be achieved.
1012) For these reasons, the phase formation should be evaluated, through the in-situ combustion reaction and interfacial characteristics between the matrix and the reinforcement, in order to understand the combustion reaction mechanism of an Al-Ti-C system.
The objectives of this study are to investigate the phase evolution during (through) combustion reaction of an Al-Ti-C system and interfacial phenomena in the TiC/Mg composites that are produced by the in-situ combustion synthesis. In-situ HT-XRD was conducted for the Al-Ti-C system, and the obtained diffraction patterns were analyzed to identify the phase formation at an elevated temperature. The infiltration of Mg in the Al-Ti-C (in-situ process) and the TiC-Al (ex-situ process) substrate at the 670°C was carried out to evaluate the wettability of Mg with each system. A kinetic analysis on these infiltration profiles yielded the activation energies of infiltration.
Experimental Procedure

Materials and method
Ti powder (99.7%, <20 µm), graphite powder (99.99%, <20 µm) and, Al powder (99.5%, 1³5 µm) were prepared for the reactant. It is found that, less than 10 mass% Al in AlTi-C system could not initiate or maintain the combustion reaction with the temperature under 800°C. 13, 14) In these reasons, to investigate the phase evolution and the reaction mechanism in Al-Ti-C system, 5 mass% (no combustion reaction) and 20 mass% Al (stable combustion reaction) was chosen. 5, 20 mass% Al and molar ratio of Ti/C = 1.0 were mixed by the acoustic mixer (LabRAM) to evaluate the phase evolution of Al-Ti-C system with different Al contents.
In-situ time-resolved HT-XRD analysis was performed on the Al-Ti-C mixture (20 mass% Al) with an X'Pert-Pro MPD PW3040/60 in order to investigate the crystal structure during phase transition, as the temperature increased from 650 to 670°C with an interval of 10°C under argon atmosphere.
The reaction mechanism of the Al-Ti-C system was analyzed to investigate the details of phase formation and evolution during the combustion reaction in the Al-Ti-C system. Powders were mixed and pressed into 25 mm diameter with 15 « 1 mm thickness disk shaped substrate with green densities of 70 « 3%. Prepared substrates were placed in the furnace and then held for 10 min at a temperature of 670°C, since the combustion reaction of AlTi-C system was initiated and finished by further increase in the temperature. 15) After that, cross sectional region which parallel to the infiltration direction of those substrate were characterized using XRD, ESEM, and EDS analysis.
Mg infiltration
The infiltration lengths of Mg into the Al-Ti-C (in-situ) and Al-TiC (ex-situ) substrates were measured to evaluate the wettability of Mg. An Mg piece was polished to a cylindrical shape with 5 « 0.2 mm of diameter, 4 « 0.2 mm of height with a weight of 0.13 « 0.005 g. The substrates were placed in the furnace in an argon atmosphere. Temperature was increased to 660°C and after 5 min of holding, the substrates were air quenched. Figure 1 shows the schematics of the infiltration experiment.
Results and Discussions
The experimental temperature range was set as 650³ 670°C, since the combustion reaction in the Al-Ti-C system initiated below 700°C, which is just above the melting point of Al (660.3°C). 16) Figure 2 shows the HTXRD results from the Al-Ti-C mixture (20 mass% Al) at room temperature, 650, 660, and 670°C. The crystal structure shown at 25°C and 650°C was in the Al and the Ti phase. However, with a temperature of 660°C and above, the Al 3 Ti phase was detected. The Al 3 Ti formation temperature corresponds to the Al melting temperature. Figure 3(a) shows the microstructure of the Al-Ti-C (5 mass% Al) system after holding at a temperature of 670°C. Part of a non-reacted Ti particle was observed, along with the Al and C phase. The formation of the Al 3 Ti phase occurs in a limited local area by adding a small amount of Al, which was attributed to an insufficient amount of Al to absorb the Ti to form the Al 3 Ti phase. Figure 3(b) shows the microstructure of the Al-Ti-C system with 20 mass% Al after holding at 670°C for 10 min, and the result shows the existence of a blocky-shaped Al 3 Ti phase with sizes around 20 µm (spectra a). The small phases in contact with the Al 3 Ti were observed and were identified as graphite through EDS analysis (spectra b). Based on the structural and the microstructural analysis it was determined that the reaction in the AlTiC system can be divided into two steps. The first step is the formation of Al 3 Ti (Step 1). When the Al melts, the C and Ti powders become surrounded by molten Al, followed by dissolution of Ti into the Al melt, and the formation of Al 3 Ti which will be in contact with the C Fig. 1 Schematic of the reaction chamber for the infiltration experiment. 5) This reaction is highly exothermic and, the end result is the formation of TiC and Al as final products (Step 2). The details of these reaction steps are below:
Step 1: 3Al + Ti ¼ Al 3 Ti
Step 2: Al 3 Ti + C ¼ 3Al + TiC Figure 4 shows the cross-sectional images of the substrate and infiltration length of Mg into the substrate, as measured by EDS point analysis. The infiltration of molten Mg initiated with the melting of Mg, and at some point, the infiltration will reach the final stage. Mg infiltrated 3.04 mm in the AlTiC substrate, which represents the ex-situ composite process after held at a temperature of 670°C for 10 min. Compared to the Al-TiC, Mg infiltrated 5.42 mm in the Al-Ti-C system which shows the in-situ composite process at the same time, as well as the temperature. Figure 5 shows the XRD patterns, according to the infiltrated area. The crystal structures of the infiltrated area of the Al-TiC substrate were Mg, Al and TiC (Fig. 5(b)) ; however, Mg, Al, Ti, and Al 3 Ti phases were all detected in the Al-Ti-C substrate as shown in Fig. 5(a) . These results indicate that for the Al-TiC substrate, molten Mg flows into the substrate, which is controlled by the viscosity of Mg. On the other hand, the infiltration of Mg in the Al-Ti-C substrate is promoted by chemical reaction between Al and Ti to form Al 3 Ti. With the formation of a new solid phase at the interface, wetting of Mg occurs simultaneously. In other words, the in-situ formed TiC appears to form intimate contact with the matrix, due to the better wettability of Mg with the reactants.
Two different systems were characterized by infiltration length, with time-and temperature-dependent variations. These results make it possible to calculate the activation energy for the wetting of Mg with each substrate by performing a kinetic study from the infiltration length versus time (dl/dt) by applying the Arrhenius equation.
17) The AlTi-C system exhibited an E a value of 307.31 kJ/mol, as compared to that of 350.84 kJ/mol from the Al-TiC system. As the infiltration is a process controlled by a chemical reaction, the TiC/Mg composite by in-situ combustion synthesis which including chemical reaction in Al-Ti-C 
Conclusion
Phase evolution of an Al-Ti-C system at an elevated temperature revealed that the reaction mechanisms involved the melting of Al, followed by the formation and growth of Al 3 Ti. This phase then contacts with C and initiates a combustion reaction to form TiC. The infiltration lengths of Mg into the pellets have shown that Mg has infiltrated 3.04 mm in the Al-TiC substrate and 5.42 mm in the Al-Ti-C system, respectively. Infiltration length increased with time at 660°C, yielding activation energies (E a ) for each system and the value of E a for the Al-Ti-C system (307.31 kJ/mol) was lower than that of the Al-TiC system (350.84 kJ/mol). Phase analysis of the infiltrated area showed the formation of an Al 3 Ti phase in the Al-Ti-C reaction system. The formation of the novel solid phase at the interface by in-situ combustion reaction in an Al-Ti-C system promoted the wetting of the Mg. The formation of TiC occurs in Al, and as a result, TiC has intimate contact with the Mg matrix.
